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Effect of ultrasonic power on the structure and functional properties of water-soluble protein extracted from
defatted Moringa oleifera seed were explored. The results showed that ultrasonic treatment could reduce p-sheet
and p-turn content of water-soluble protein from Moringa oleifera seed (MOWP) and increase the content of
random coil and a-helix. Changes in intrinsic fluorescence spectra, surface hydrophobicity (Hp) and thermal
behaviors indicated that ultrasonic had significant effect on the tertiary structure of MOWP. The results of SEM

and SDS-PAGE showed that the MOWP was aggregated but not significantly degraded by ultrasound. The sol-
ubility, foaming properties and emulsifying properties of MOWP increased firstly and then decreased with the
increase of ultrasonic power. Ultrasonic treatment altered the functional properties of MOWP, which might be
attributed to the exposure of hydrophilic group and the change of and secondary and tertiary structure.

1. Introduction

Moringa oleifera, also known as the “drumstick tree”, is native to the
tropical and southern subtropical regions of northern India [1]. Moringa
oleifera seed (MOS), as a derivative product of Moringa oleifera, is
extremely rich in nutrients, contains a large amount of fat, protein,
mineral elements and dietary fiber, and is known as “plant diamond”
[2-5]. The multiple uses of MOS have gradually been drawing more and
more attentions. In Southeast Asian countries, MOS was used as a
traditional folk medicine to prevent and treat a variety of diseases [6]. In
the food industry, MOS could be used as an auxiliary material to increase
the nutritional content of food [4,6]. MOS contains considerably good
quantity of high-quality protein (~52%), which has all the essential
amino acids [7]. Moringa oleifera seed protein may be a potential func-
tional protein and can be used as an alternative to other proteins for
human food use due to its balanced amino acid profile [7]. Hence, the
structure, function and nutritional characteristics of the protein from
MOS are of great significance for its related development [1,7-9].

In recent years, ultrasonic technology has been widely used in food
processing, especially in protein modification, due to its environmen-
tally friendly and low-cost advantages [10]. The works on ultrasonic
modification of proteins have been widely investigated [10-22].
Generally, cavitation effects generated by ultrasound could alter mo-
lecular structure and spatial conformation of protein, resulting in the
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improvement of functional properties of protein such as solubility,
emulsifying and foaming properties [10-14]. However, Currently, there
are few reports on ultrasonic modification of MOWP.

The purpose of this study was to investigate the effect of ultrasonic
power on the structure and functional properties of MOWP. MOWP were
treated with different ultrasonic power and the changes in secondary
structure and tertiary structure were analyzed by Fourier transform
infrared spectroscopy (FTIR), fluorescence spectrophotometer and so-
dium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE),
respectively. In addition, functional properties including solubility,
emulsifying and foaming properties were evaluated.

2. Materials and methods
2.1. Raw materials
Commercial MOS (Guangxi, China) were smashed and passed

through 80 mesh sieve. After that, the MOS flour was degreased by n-
hexane; then dried and stored in a drier for the follow-up experiments.

2.2. Preparation of MOWP

According to the method of Kim et al. [23], the defatted MOS flour
was dispersed in distilled water (1:25) and continuously stirred for 2.5 h
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at room temperature (S25, German IKA company, Guangzhou, China),
and then centrifuged at 8000 r/min at 4 °C for 25 min (CR21N, Himac,
Tokyo, Japan). The supernatant was taken for reserve. The extraction
process was repeated. The supernatant was precipitated by isoelectric
precipitation (pH 4.5). After isoelectric point precipitation, the solution
was centrifugated at 8000 r/min at 4 °C for 25 min. The sediment was
dialyzed for 36 h. After dialysis, Protein of MOS (MOWP) was obtained
by lyophilization (FD-1D-50, Beijing Boyikang Experimental Instrument
Co., Ltd., Beijing, China). The purity of MOWP was 93.84 + 1.32% by
HPLC.

2.3. Ultrasonic treatment of MOWP

MOWP (1 g (db)) was added to 100 mL PBS buffer (20 mmol/L, pH
7.0) and stirred in a magnetic stirrer for 2 h at room temperature. Then
the beaker was placed in an ice bath. Aqueous solution of the protein
(1% w/v) was treated by an ultrasonic generator (TL-650Y, Jiangsu
Tianling Instrument Co., Ltd., Yancheng, China). The power was set at
different amplitudes (0%, 20%, 40%, 60%, 80% and 100%) and the
corresponding values were 0, 130, 260, 390, 520, and 650 w, respec-
tively. The probe was placed below the liquid level of 20 mm and the
ultrasonic treatment time was 15 min (working for 3 s, stop for 2 s); and
the sample beaker was placed in an ice-water mixture during ultrasonic
treatment to avoid excessive rise in temperature. The ultrasonic treated
MOWP samples were obtained by dialysis and lyophilization.

2.4. Fourier-transform infrared spectroscopy (FTIR) analysis

Potassium bromide was taken into a 105 °C oven to a balanced
weight. The sample and potassium bromide (1: 100 (g/g)) were fully
ground and mixed, and compressed in a vacuum. FTIR spectra (TENSOR
II, BRUKER OPTICS, Germany) was collected in the range from 4000 to
400 cm™! during 32 scans, with a resolution of 4 cm™! at ambient
condition. Further analysis of infrared absorption band (amide I band,
1600-1700 cm 1) and secondary structure of protein was carried out by
deconvolution and second derivative treatment in Omnic 8.2 software
(ThermoFisher scientific, USA) and the secondary protein structure
contents were calculated.

2.5. Scanning electron microscopy analysis

MOWP was simply deposited onto carbon tape stuck on a specimen
holder and coated with a thin film of gold in a vacuum evaporator. The
obtained specimens were observed in a scanning electron microscope
(Phenom Pro 05, Phenom, Netherlands) at high voltage (10 kV) to
determine the morphology of freeze-dried MOWP samples.

2.6. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis

SDS-PAGE was performed using an electrophoresis system (Bio-Rad
Laboratories, Inc., Hercules, USA) with a 12% separating gel and a 5%
stacking gel. The Marker loading volume was 5 pL/lane and the sample
loading volume was 10 pL/lane. the voltages of the concentration gel
and separation gel were 80 V and 120 V, respectively [23]. After elec-
trophoresis, the gel was stained with Coomassie Brilliant Blue Ultrafast
staining solution for 0.5 h and imprinted by a fluorescence imaging
System (ChemiDoc MP System, BIO RAD, Shanghai, China)

2.7. Intrinsic fluorescence analysis

The intrinsic fluorescence was determined by a fluorescence spec-
trometer (RF-5301PC, Shimadzu Corporation, Tokyo, Japan). The
MOWP solution (0.2 mg/mL) were dissolved in PBS buffer (50 mmol/L,
pH7.0). The excitation wavelength was 290 nm and the emission
wavelength range were 300 ~ 500 nm [24].
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2.8. Surface hydrophobicity (Hp) measurement

HO of MOWP was determined according to the method of Pham et al.
[25] with some modification. The MOWP solution was prepared by
dissolving the powder in PBS buffer (20 mmol/L, pH 7.0). Then the
dispersions were centrifuged at 1000 x g for 10 min and their super-
natants were collected. A serial dilution of the supernatant was carried
out to obtain 0.005-0.5 mg/mL protein concentration. Subsequently, 50
uL of 8 mM 1-anilino-8-naphthalene-sulfonate (ANS) solution, prepared
in the same buffer solution, was added to 2 mL of the sample solution
and the mixture was incubated at ambient temperature for 45 min. The
fluorescence intensity of the sample was measured, the excitation
wavelength was 390 nm, the emission wavelength was 470 nm, and the
slit was 5 nm. The regression curves of fluorescence intensity and sample
solution mass concentration were drawn to obtain the linear regression
slope, and the initial slope was Ho.

2.9. Thermal properties

The thermal properties of different samples were determined by
differential thermal scanning (DSC) (DSC200PC, Netzsch Instruments,
Germany). About 3 mg MOWP were weighed and placed in an aluminum
sample pans for DSC scanning, and heated from 25 °C to 180 °C at a rate
of 10 °C/min [24].

2.10. Protein solubility measurement

The solubility of MOWP was determined by the method of Ling with
slight modification [24]. The MOWP sample (1 wt%) was dispersed in
PBS buffer (20 mmol/L, pH 7.0). The supernatant was obtained by
stirring for 2 h at room condition and centrifugation (8000 r/min at 4 °C
for 15 min) Bradford’s method [26] was used to measure the protein
content in the supernatant. The MOWP solubility was expressed as
grams of soluble protein per 100 g of MOWP.

2.11. Foaming properties

Foaming activity index (FAI) and stability index (FSI) were also
measured at pH 7.0 according to the method of Arte et al. [27] with
some modification. 30 mL MOWP solution (1 mg/mL) was placed in a
100 mL cylinder. The protein solution was homogenized for 2 min at a
rotating speed of 10,000 r/min (AD500S-H, Suzhou Jiangdong Precision
Instrument Co., Ltd., Pingjiang, China), recording the volume of the
solution as V1. The volume of the solution was recorded again after 30
min as V2. The FAI and FSI were calculated as follows:

V1-30

FAI(%) = x 100% )

2
FSI(%) = % x 100% (2

2.12. Emulsifying properties

The emulsifying properties of MOWP were determined by referring
to the method of Li et al. with some modifications [28]. The MOWP
sample were diluted with PBS buffer (20 mmol/L, pH 7.0). Then 30 mL
MOWP solution and 10 mL soybean oil were mixed and homogenized at
a speed of 10,000 r/min for 2 min. After that, 50 pL emulsion was
collected from the bottom of the solution immediately (0 min) or 10 min
after homogenization and 5.0 mL SDS solution (0.1%) was added and
shaken well. The absorbance was measured using a Visible light spec-
trophotometer (UV-2700, Shimadzu Corporation, Shanghai, China) at
500 nm. Emulsification activity index (EAI) and emulsification stability
index (ESI) were calculated as follows:
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2303 x 2 x A0 x N
EAl(mg/mL) = “Cx(-9 3

. Ao
ESI(min) = A0 AT0 < 10 )
where N is the dilution factor of the emulsion (N = 100), C is the mass
concentration of the sample (C = 2 mg/mL), ¢ is the volume fraction of
the aqueous phase in solution (¢ = 0.75), and A0 and Al0 are the
absorbance of the diluted emulsion at 0 and 10 min, respectively.

2.13. Statistical analysis

The experiments were repeated in triplicate. The data were
expressed as mean + standard deviation. The results were drawn using
Origin 9.1 and analyzed by IBM SPSS Statistics 20 software.

3. Results and discussion
3.1. FTIR analysis

FTIR was used to characterize the secondary structure of MOWP and
ultrasound-treated samples. The amide I band (1700 ~ 1600 cm ™) was
evaluated [24]. FTIR spectrum of MOWP treated or untreated by ul-
trasound was displayed in Fig. 1. There was a characteristic peak at
1658 cm ! in amide I band, which belonged to a-helix and no change
after ultrasonic treatment, indicating that there was no hydrogen bond
fracture. As the ultrasonic power increased, the peak width in the amide
I band was significantly increased, suggesting that the ultrasonic treat-
ment power, especially at 40% and 60%, enhanced — C=O0 stretching
vibration of MOWP. The MOWP conformation was effectively changed
and resulted in a relatively stable structure under 40% and 60% ultra-
sonic powers.

The peaks in the amide I band corresponding to the secondary pro-
tein structures was as follows: p-sheet (1610 ~ 1640 cm™ ), B-turn
(1640 ~ 1645 cm’l)‘ random coil (1650 ~ 1660 cmfl)‘ a-helix,
(1661 ~ 1700 cm™?). The secondary protein structure contents were
shown in Table 1. The secondary structure of MOWP was mainly
composed of B-sheets and p-turns.

Compared with the untreated MOWP, the contents of p-sheet and
pB-turn of the ultrasound-treated samples were firstly decreased and then
increased. The a-helix and random coil content were increased and then
reduced with the increasing ultrasonic power. This might be due to the
fracture of some secondary bond of p-sheets and p-turns and rearranged
into random coil and a-helix. The transformation was the highest by
40% ultrasonic power treatment. With further increasing the ultrasonic

Transmittance
o

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)
Fig. 1. FTIR spectrum of MOWP- treated by ultrasound: a, 0% ultrasonic

power; b, 20% ultrasonic power; ¢, 40% ultrasonic power; d, 60% ultrasonic
power; e, 80% ultrasonic power; f, 100% ultrasonic power.
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Table 1
Effect of ultrasonic power on secondary structure of protein.

Ultrasonic power Protein secondary structure content (%)

(%) B-sheet Random o-helix B-turn
coil
0 44.78 + 0.17 + 1.82+1.13° 5322+
0.93¢ 0.11° 0.39¢
20 42.82 + 253 + 9.22+1.43¢ 4542+
0.77° 0.22° 0.66°
40 38.57 + 3.23 + 7.72+£0.95  50.48 +
0.86° 0.57¢ cd 0.94°
60 43.96 + 2.07 + 5.77 + 48.19 +
0.71% 0.31° 0.86™ 1.23°
80 45.02 + 2.15 + 5.01+1.23° 47.82 +
0.92° 0.14° 0.47°
100 44.28 + 0.32 + 233+1.11° 53.07 +
1.04 0.17° 0.344

There is a significant difference between the probability level of 5% lowercase
letters and the difference between the different letters.

power, the peak value did not significantly change.

3.2. SEM analysis

As shown in Fig. 2A, microstructure of MOWP was obviously
changed by ultrasonic treatment. The untreated MOWP was composed
of irregularly small particles with loose structure. After ultrasonic
treatment, the MOWP became more compact, but there seems to be no
significant change in the shape and particle size of the MOWP. With the
increase of ultrasonic power (Fig. 2B ~ F), the degree of protein mo-
lecular aggregation was increased, which might be due to the exposure
of hydrophilic groups caused by ultrasound. The higher the ultrasonic
power, the stronger the hydrophilic groups were aggregated into the
network, ultimately affecting its functional properties. The results of the
change in the microstructure of MOWP after ultrasonic treatment was
similar with the published results of rice protein isolates treated by radio
frequency treatment [24]. Dong et al. [12] also reported that high-
power ultrasonic treatment could promote the aggregation of soybean
protein isolates and increased the size of protein molecules. However, it
is reported that low frequency and low-power ultrasound treatment
could loosen the structure of various proteins such as corn glutelin,
which resulted in exposure of the hydrophobic groups embedded in the
molecule and increasing surface hydrophobicity of corn glutelin [24].

3.3. SDS-PAGE and intrinsic fluorescence

The distribution of molecular weight of MOWP treated by ultrasonic
treatment were revealed by SDS-PAGE and shown in Fig. 3A. The results
showed that ultrasonic treatment had no significant influences on the
molecular weight of MOWP. In the range of 14.4 ~ 180.0 kDa, there
were multiple subunit bands, indicating that MOWP contained disulfide
bonds. The main subunit bands of MOWP at 13.0 kDa and 25.0 ~ 35.0
kDa. however, after ultrasonic treatment a few subunit bands of 48.0
kDa and 56.0 kDa appeared. This might due to be the aggregation of
MOWP resulted from ultrasonic cavitation. The results showed that
MOWP could not be degraded by ultrasound, and the protein molecules
could be aggregated to form larger molecular weight proteins, which
was consistent with the SEM results.

The conformation and tertiary structure of MOWP treated by ultra-
sound were further characterized by Intrinsic fluorescence and shown in
Fig. 3B. The peak values (Amax) of the samples treated with different
ultrasonic power were shifted; and as ultrasonic power increased, the
Amax increased firstly and then decreases. The maximum Apyay of MOWP
treated with 40% ultrasonic power reached 353 nm. The peak shift of
the crest indicated that the tertiary structure of MOWP had been
changed during the ultrasonic treatment. When the ultrasonic power
was increased up to 100%, the MOWP tertiary structure was stretched
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Fig. 2. Effects of ultrasonic power on surface microstructure of MOWP. A,0% ultrasonic power; B,20% ultrasonic power; C,40% ultrasonic power; D,60% ultrasonic

power; E, 80% ultrasonic power; F,100% ultrasonic power.
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Fig. 3. SDS-PAGE pattern (A), intrinsic fluorescence spectra (B) of MOWP treated by ultrasound. M, Molecular weight standard; a, 0% ultrasonic power; b, 20%
ultrasonic power; ¢, 40% ultrasonic power; d, 60% ultrasonic power; e, 80% ultrasonic power; f, 100% ultrasonic power.

and the fluorescence intensity was the strongest due to the more expo-
sure of chromophoric groups. There were relatively large differences in
the change of intrinsic fluorescence between MOWP and other proteins,
such as chicken bone protein [12] and plum seed protein isolate [15],
when processed by ultrasonic treatment. Probably the prime reason was
that the secondary structure contents were different, which resulted in
different effects of ultrasound treatment on different protein.

3.4. Surface hydrophobicity (Hy)

The Hj of proteins was an indication that the number of exposed
hydrophobic groups on the surface of protein molecules were available
for bonding, which was important for protein stability and conformation
and influence protein functionality [11,14]. The influences of ultrasonic

power on the Hy of MOWP were displayed in Fig. 4. The results showed
that the Hy of MOWP firstly decreased and then increased with
increasing ultrasonic treatment power. Under the condition of 40% and
60% ultrasonic power, the Hy values were lowest. Stathopulos et al. [29]
reported that Hy of bovine serum protein treated by ultrasound was
enhanced due to the gradual exposure of hydrophobic group. Ren et al.
[11] reported that Hy of soy protein isolate treated by ultrasound was
increased because large aggregates in soy protein isolate were dissoci-
ated, which increased the exposure of hydrophobic regions. Hy values of
whey protein [21] and wheat germ protein [13] treated by ultrasound
were also increased. The difference in Hy induced by ultrasound be-
tween MOWP and other proteins might due to the difference in struc-
ture. Meanwhile, cavitation effect led to a relatively high content of
random coil and more the hydrophilic groups embedded in protein were
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Fig. 4. Effects of ultrasonic power on Hy of MOWP.
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Fig. 5. Effects of ultrasonic power on thermal properties of MOWP. a, 0% ul-
trasonic power; b, 20% ultrasonic power; ¢, 40% ultrasonic power; d, 60% ul-
trasonic power; e, 80% ultrasonic power; f, 100% ultrasonic power.

gradually exposed. When the ultrasonic intensity reached its maximum,
the molecular structure of the protein was rearranged, the hydrophobic
groups were re-exposed, and the Hy of MOWP was increased again. The
changes of Hy indicated that the tertiary structure of MOWP was altered
significantly by ultrasonic treatment and suggested MOWP was different
from other proteins in structure and functional characteristics.

3.5. Thermal properties

The DSC curves of MOWP were shown in Fig. 5. The thermal dena-
turation temperature (Tq) commonly indicates the thermal stability of a
protein, while enthalpy (AH) represents the extent of ordered structure
of a protein [24]. Compared with the untreated sample, the AH of
MOWP treated by ultrasonic treatment was significantly (p < 0.05)
increased, suggesting that ultrasonic treatment improved the ordered
structure of MOWP. The reason might be that the cavitation effect
induced MOWP to agglomerate and altered the tertiary structure of
MOWP. This result showed that ultrasonic treatment could disrupt the
hydrogen bond and hydrophobic interactions, and the extent of
disruption was increased with increasing the power. As the further in-
crease of ultrasonic power, the MOWP structure might be rearranged to
a certain extent. The DSC result further confirmed that ultrasonic cavi-
tation led to the spatial structure of MOWP, which could affect the
functional properties of the protein [14].
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Table 3
Effect of ultrasonic treatment of MOWP on functional properties.

Property Ultrasonic power (%)
0 20 40 60 80 100
Protein 556+ 914+ 14.63 30.53 28.47 24.07
solubility ~ 0.66% 3.37° +1.33°  +4309 +£370° +1.36°
(%)
FAI(%) 12.39 14.83 22.27 16.74 17.67 14.84
+289° & +3.05° + +3.61° +
1.13% 1.972 1.15%
FSI(%) 93.94 90.14 84.36 89.61 87.99 90.72
+275°  +£1.13%  +£223°  +256° +059° +
1.05"
EAI(mg/ 60.90 74.72 79.63 73.29 68.27 54.76
mL) +345°  +£323¢  +175° +155¢  +1.58  +204°
ESI(min) 20.08 14.29 12.75 11.60 13.43 18.21
+1.779  +£049° + +0.59% +057°  +0.50°
0.30°°

There is a significant difference between the probability level of 5% lowercase
letters and the difference between the different letters.

3.6. Solubility

The solubilities of MOWP treated by ultrasonic treatment were dis-
played in Table 3. The solubility of native MOWP is 5.56%. Ultrasonic
treatment increased the solubility of MOWP significantly(P < 0.05). As
the ultrasonic power increased, the solubilities of treated MOWP were
increased from 5.56% to 30.53%. When the ultrasonic power reached to
60%, the solubility was highest and the values was 30.53%. With further
increase in ultrasonic power, the solubilities slightly decreased from
30.53% to 24.07%. This might be due to that the conformation was
altered and the molecules structure of MOWP was stretched by ultra-
sonic treatment, which resulted in more hydrophilic groups exposure.
Meanwhile, the increase in water solubility may also be owing to for-
mation of soluble protein aggregates [18], which was confirmed by the
results of SDS-PAGE and SEM. The change in Apqy in the intrinsic fluo-
rescence spectroscopy analysis was also an indication that ultrasonic
cavitation changed the MOWP tertiary structure, suggesting that ultra-
sound treatment could disrupt some of the non-covalent interactions of
protein, such as hydrogen bonds and hydrophobic interactions, which
could improve protein solubilities [11]. These results were similar with
the published results of soybean protein isolate [30] and pea protein[18]
that the ultrasonic effect could improve the solubility of protein. In
addition, the increase in solubility would result in the improvement of
emulsifying property and foam capacity.

3.7. Foaming properties

Protein foaming is an important functional property to evaluate in
food processing. Protein foaming performance mainly depends on pro-
tein surface activity and film forming. The FAI and FSI of MOWP was
also displayed in Table 3. the FA of MOWP was significantly (p < 0.05)
improved and then reduced with increasing of the ultrasonic power. The
of FAI of treated MOWP (40% power) was highest and the FAI value was
22.27%. however, the change trend of FSI of MOWP was opposite to the
FAI trend. The values of FSI were decreased from 93.94% to 84.36% and
then increased from 84.36% to 90.72%. The reason was that ultrasonic
cavitation increased the solubility of MOWP, and the foaming capacity
was enhanced when the soluble protein increased, but the stability of
foaming was reduced when the surface activity decreased. Jambrak
et al. [31] also reported that ultrasonic treatment improved the FAI of
whey protein and reduced its FSL

3.8. Emulsifying properties

As shown in Table 3, EAI of MOWP was significantly increased from
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60.90 mg/mL to 79.63 mg/mL (p < 0.05) with the increase of ultrasonic
power. With further increased the power, the EAI of MOWP was
significantly reduced to 54.76 mL/mL (p < 0.05). The ESI of MOWP was
significantly decreased by ultrasonic treatment (p < 0.05). It is reported
that an increase in the solubility and Hy of protein resulted in higher
emulsifying properties [32,33]. The above results showed that the
changing trend of EAI was consistent with the trend of solubility and Hy.
Moreover, the FTIR results showed that the f-sheets and f-turns in
MOWP were converted into random coil. Therefore, Ultrasonic treat-
ment altered the emulsifying properties of MOWP, which might be
attributed to the change of aggregates, solubility, Hy, and secondary
structure [11]. Chen et al [34] reported similar conclusions that ultra-
sonic power improved protein emulsification. Similar results were also
reported [32,35-36]. Yang et al. [37] also confirmed that the change of
Hy, secondary structure and solubility would result in the improvement
of emulsifying properties for protein.

4. 4.Conclusions

MOWP was mainly composed of p-sheets and p-turns. Ultrasonic
treatment could induce the changes of secondary and tertiary structure
of MOWP. Ultrasonic treatment could reduce p-sheet and B-turn content
of MOWP and increase the content of random coil and o-helix. The
MOWP was aggregated but not significantly degraded by ultrasound.
The solubility, foaming properties and emulsifying properties of MOWP
increased firstly and then decreased with the increase of ultrasonic
power. The exposure of hydrophilic group and the change of and sec-
ondary and tertiary structure were responsible for functional properties
of MOWP treated by ultrasound. Ultrasonic treatment could effectively
improve the thermal stability of MOWP. These results would provide a
useful theoretical basis for understanding the mechanism of ultrasonic
treatment on MOWP and its potential application in food processing.
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